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Larmor preession of laser-polarized atoms ontained in anti-relaxation-oated ells, deteted
via nonlinear magneto-optial rotation (NMOR) is a promising tehnique for a new generation of
ultra-sensitive atomi magnetometers. For magneti elds direted along the light propagation
diretion, resonanes in NMOR appear when linearly polarized light is frequeny- or amplitude-
modulated at twie the Larmor frequeny. Beause the frequeny of these resonanes depends on
the magnitude but not the diretion of the eld, they are useful for salar magnetometry. New
NMOR resonanes at the Larmor frequeny appear when the magneti eld is tilted away from the
light propagation diretion in the plane dened by the light propagation and polarization vetors.
These new resonanes, studied both experimentally and with a density matrix alulation in the
present work, oer a onvenient method for NMOR-based vetor magnetometry.
PACS numbers: 07.55.Ge,32.60.+i,32.80.Bx,42.65.-k
When linearly polarized light, frequeny- or amplitude-
modulated at Ωm, resonantly interats with an atomi
vapor in the presene of a magneti eld, the polariza-
tion of the light an be observed to rotate synhronously
with the modulation. This eet is known as nonlin-
ear magneto-optial rotation with frequeny-modulated
light (FM NMOR) [1, 2, 3℄ or amplitude-modulated light
(AMOR) [5, 6℄. It ours when Ωm is a subharmoni
of the quantum beat frequeny; the quantum beat fre-
queny is at the rst or seond harmoni of the Larmor
frequeny ΩL for the lowest-order eet disussed here.
Higher-order eets involve quantum beat frequenies at
other multiples of ΩL [4℄. The width of the resonane be-
tween Ωm and ΩL is given by the relaxation rate of the
atomi ground-state oherenes. When the atomi vapor
is ontained in a paran-oated ell, in whih ground-
state atomi oherenes an survive on the order a se-
ond, the widths of the resonanes an be as small as 0.6
Hz [7℄. These resonanes allow extremely preise mea-
surements of the magneti eld over a wide eld range,
with magnetometri sensitivities exeeding 10−11 G/
√
Hz
for low elds (ompetitive with the best atomi magne-
tometers, see for example Ref. [8℄, as well as SQUID mag-
netometers [9℄) and reahing 4×10−10 G/
√
Hz for higher
elds (up to 1 G) [12℄. The FM NMOR method used
in the present work, as well as AMOR, an be applied
to studies of nulear magneti resonane and magneti-
resonane imaging [10, 11℄, measurements of geophysial
elds [12℄, and tests of fundamental symmetries [13℄. The
same approah an also be used in onstrution of hip-
sale atomi magnetometers [14℄.
Although the magnetometri method based on FM
NMOR enables sensitive measurements of the magneti
eld, the measurements are salar, i.e., the position of a
given resonane depends only on the magnitude, and not
the diretion, of the magneti eld. However, the relative
magnitudes of the FM NMOR resonanes an depend on
the magneti eld diretion. Thus, a detailed analysis of
the FM NMOR signal ould give some information about
the diretion of the magneti eld. Towards this end, we
study here the dependene of the FM NMOR signal on
the magneti eld diretion.
In the Faraday geometry, in whih the magneti eld
is along the light propagation diretion, the main reso-
nane ours at Ωm = 2ΩL, beause of the symmetry of
the optially pumped state, as disussed below. We nd
that when the magneti eld diretion is tilted in the
plane perpendiular to the light polarization axis, only
this resonane at 2ΩL is observed, with its amplitude de-
pending on the tilt angle. However, when the magneti
2eld is tilted toward the light polarization axis, a new
resonane appears at ΩL; the relative magnitudes of the
resonanes at ΩL and 2ΩL depend on the tilt angle.
The sheme of the experiment is shown in Fig. 1. An
FIG. 1: Experimental setup. The magneti eld oils
mounted inside the innermost shielding layer and used for
reation of arbitrarily oriented magneti eld are not shown.
anti-relaxation-oated buer-gas-free vapor ell, ontain-
ing isotopially enrihed
85
Rb, was plaed within a four-
layer magneti shield. The magneti shield provided pas-
sive attenuation of d magneti elds by a fator of 10
6
[15℄. A set of three mutually orthogonal magneti-eld
oils plaed inside the innermost layer enabled ompen-
sation of the residual average magneti eld and rst-
order magneti eld gradients inside the shield. The oils
were also used for generation of an arbitrarily oriented
magneti eld inside the shield. The rubidium atoms in-
terated with an x-direted, 2 mm diameter laser light
beam, linearly polarized along the y-axis. An external
avity diode laser was tuned to the rubidium D1 line
(795 nm) and its entral frequeny was stabilized with
a dihroi atomi vapor laser lok [16, 17℄ at the low-
frequeny wing of the F = 3 → F ′ transition. The
laser-modulation frequeny ranged from 100 Hz to 400
Hz with 300 MHz (peak to peak) modulation depth and
light power was ∼3 µW. Upon passing through the ell,
the light was analyzed using a balaned polarimeter. The
polarimetri signal was deteted with a lok-in amplier
at the rst harmoni of Ωm and stored on a omputer.
The FM NMOR signals were studied as the mag-
neti eld diretion was tilted in both the xz-plane (per-
pendiular to the light-polarization axis) and the xy-
plane (ontaining the light-propagation vetor and light-
polarization axis). Figure 2 shows the signals with the
magneti eld B in the xz-plane at various angles to the
light propagation diretion. The strength of the magneti
eld was equal for all the measurements (ΩL = 98.5 Hz).
The main resonane ours at Ωm = 2ΩL. The small
resonane at ΩL is a result of using the modulated pump
beam as a probe. For the frequeny-modulated probe
the time dependene of the light-polarization plane is ob-
served, even if the atomi polarization in the medium is
stati. This eet has been analyzed in detail in Ref.
[18℄ Se. IV. The amplitudes of the resonanes derease
FIG. 2: The FM NMOR in-phase and quadrature signals vs.
modulation frequeny reorded for various angles between the
magneti eld and the light propagation diretion in the xz-
plane. A small residual signal observed for 90◦ is a result of
a small y-omponent of the magneti eld.
with inreasing angle in the xz-plane (Fig. 3). The ex-
FIG. 3: The amplitude of the FM NMOR signals reorded at
2ΩL vs. the tilt angle of the magneti eld in the xz-plane.
The solid line is a osine t to the experimental points.
perimental signals are in qualitative agreement with the
preditions of a density-matrix alulation [22℄ of FM
NMOR for a model F = 1→ F ′ = 0 transition (Fig. 4).
The observed dependene on the magneti-eld dire-
tion an be understood by onsidering the time evolution
of the atomi polarization. In the absene of a magneti
eld, the linearly polarized light reates atomi align-
ment (polarization with a preferred axis, but no pre-
ferred diretion) along the y-axis. This alignment an
be visualized with a method desribed in, for example,
Ref. [19℄: a surfae is plotted whose radius in a given
diretion is equal to the probability of nding the maxi-
mum projetion of angular momentum along that dire-
3FIG. 4: Theoretial alulation of FM NMOR signal vs. mod-
ulation frequeny for a F = 1→ F = 0 transition for various
tilt angles of the magneti eld in the xz-plane.
tion. When a magneti eld is applied, the alignment
preesses around the magneti-eld diretion at the Lar-
mor frequeny [Fig. 5(a)℄. Sine in this ase B is perpen-
diular to the alignment axis, the polarization returns to
its original state after a 180
◦
rotation, i.e., in half a Lar-
mor period [23℄. Thus optial rotation, indued by the
rotating linear dihroism, is periodi at twie the Lar-
mor frequeny [Fig. 5(b)℄. Beause only linear dihroism
transverse to the light propagation diretion (i.e., in the
yz plane) an produe rotation, the amplitude of the ro-
tation dereases as the osine of the angle between B and
the light propagation diretion, as seen experimentally in
Fig. 3.
Figure 6 shows the FM NMOR signals for the magneti
eld tilted in the xy plane at various angles to the light
propagation diretion; orresponding theoretial results
for a F = 1 → F ′ = 0 transition are shown in Fig. 7.
When the magneti eld is parallel to the light propaga-
tion diretion a strong FM NMOR resonane is observed
only at Ωm = 2ΩL. However, when the magneti eld
is tilted toward y-axis an additional resonane appears
at Ωm = ΩL. The amplitude of this resonane beomes
more pronouned with inreasing the angle, while the
amplitude of the resonane at 2ΩL dereases (Fig. 8).
However, when the magneti eld is tilted by more than
60
◦
the amplitude of the resonane reorded at ΩL also
starts to derease and reahes zero when the magneti
eld is direted along the y-axis.
One again, these signals an be explained by onsider-
ing the time-evolution of atomi polarization [Fig. 9(a)℄.
Beause the magneti eld is no longer perpendiular to
the alignment axis, the polarization takes a full Larmor
period to return to its original state. The anisotropy
of the medium in the yz-plane is modulated at two fre-
quenies: ΩL and 2ΩL, as reeted in the plot of time-
FIG. 5: Illustration of the time dependene of FM NMOR for
B in the xz plane at 30◦ to the light propagation diretion xˆ,
using results of the alulation for a F = 1 → F ′ = 0 tran-
sition. (a) Angular momentum probability surfaes depiting
the dynami part of the atomi alignment at various times
during the Larmor period τ . The alignment returns to its
original position after time τ/2. The double-headed arrows
represent the light polarization before and after the medium.
(b) Optial rotation as a funtion of time for the ase shown
in part (a) (solid line), and for B along xˆ (dashed line). The
dominant signal has period τ/2 (frequeny 2ΩL), orrespond-
ing to the periodiity of the polarization state shown in part
(a). The eet of using the modulated pump as a probe beam
an be seen here as a small additional modulation with period
τ .
dependent optial rotation [Fig. 9(b)℄. The larger the tilt
angle between B and the light propagation diretion, the
bigger the dierene between the polarization states at
the beginning and middle of the Larmor periods, inreas-
ing the signal at ΩL. However, for large angles, the mag-
neti eld diretion is nearly along the alignment axis,
reduing the eet of the eld on the polarization and
thus reduing the optial rotation.
The data presented in Figs. 2 and 6 an be also under-
stood in a language of atomi oherenes. When the mag-
neti eld is in the xz-plane, the light polarization axis
is perpendiular to the magneti eld. Thus, with the
quantization axis along the magneti eld, the light an
only reate oherene between the m = 1 and m = −1
4FIG. 6: The FM NMOR signal vs. modulation frequeny Ωm
reorded for dierent tilt angles of the magneti eld in the
xy-plane. We proved with theoretial simulations that the
small signal observed at ΩL for the magneti eld oriented
along y-axis is due to the misalignment between the magneti
eld and the light polarization diretion.
FIG. 7: Theoretial alulation of FM NMOR signal vs. mod-
ulation frequeny for a F = 1→ F = 0 transition for various
tilt angles of the magneti eld in the xy-plane.
Zeeman sublevels. The frequeny splitting between these
sublevels is 2ΩL, so the resonane is observed at this fre-
queny. However, when the magneti eld is tilted in the
xy-plane, the light is a linear superposition of polariza-
tions parallel and perpendiular to the magneti eld. In
this ase, the light an reate oherenes between sub-
levels with ∆m = 1 and ∆m = 2, so resonanes are
observed at both ΩL and 2ΩL.
FIG. 8: The amplitude of the FM NMOR signals reorded
at ΩL and 2ΩL vs. the tilt angle of the magneti eld in
xy-plane.
In onlusion, we have studied resonanes in nonlin-
ear magneto-optial rotation with frequeny-modulated
light (FM NMOR) when the magneti eld is tilted at an-
gles away from the diretion of light propagation. When
the magneti eld is tilted in the plane dened by the
light polarization and light propagation vetors, a new
FM NMOR resonane appears at the Larmor frequeny.
The amplitude of the resonane depends on the tilt an-
gle and thus an be useful for vetor magnetometry or
for aligning a salar magnetometer to redue heading er-
rors. When the magneti eld is tilted in the orthogo-
nal plane, no new resonane appears at the Larmor fre-
queny. For tilt angles in both planes, the amplitude of
the FM NMOR resonane at twie the Larmor frequeny
dereases with inreasing tilt angle. The eets have
been modeled with density matrix alulations, yielding
good agreement with the experimental observations, and
an be understood through visualization [19℄ of the time-
dependene of the atomi polarization moments.
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